ABSTRACT: Milk-fed calves were used as a source of hepatocytes to establish monlayers to test the effects of chronic (41 h ) incubation with no hormone, 100 nM insulin, or 100 nM glucagon on gluconeogenesis (glucose retained as glycogen plus glucose released into the medium) from 2.5 mM [2-14 C]propionate and 2.0 mM [U-14C ]lactate ( 1.0 mM lactate plus 1.0 mM pyruvate) during a subsequent 3-h (acute) incubation. Media for acute incubations contained no hormone, 0 or 10 nM insulin, or 0, 1, 10, or 100 mM glucagon. Chronic glucagon increased gluconeogenesis from propionate and glyconeogenesis from propionate and lactate compared with chronic exposure to medium with no hormone. A chronic glucagon × acute hormone interaction was manifested as an augmented response to acute glucagon on gluconeogenesis from propionate; a similar potentiation was not evident for gluconeogenesis from lactate. The concentration of glucagon required to acutely stimulate gluconeogenesis was increased by prior incubation with glucagon. Acute glucagon decreased the flux of glucose retained as glycogen regardless of chronic hormone treatment. Chronic incubation with insulin diminished the stimulatory effects of glucagon on gluconeogenesis from lactate. Chronic incubation with insulin did not alter the sensitivity or responsiveness at acute glucagon of gluconeogenesis from propionate. The data demonstrate persisting changes that favor increased basal gluconeogenesis from propionate with chronically elevated glucagon coupled to an increased capacity to respond acutely to glucagon and opposing chronic actions of insulin on lactate metabolism. These data suggest that insulin and glucagon target separate pathways that are unique to metabolism of propionate and lactate.
Introduction
Endocrine control of metabolism is characterized by changes in circulating hormone concentrations and the ability of tissues to respond to these changes. In ruminants, as in other animals, alterations in hormonal sensitivity and responsiveness at the tissue level coordinate postabsorptive nutrient utilization in support of growth, pregnancy, and lactation and the transitions between these physiological states (reviewed in Vernon and Sasaki, 1991) .
The synthesis and disposal of glucose in ruminants are linked to circulating insulin and glucagon concentrations and target tissue responsiveness (Brockman, 1986) . Blood insulin concentrations are responsive to lactation status (Herbein, 1985; Debras et al., 1989) , diet (Jenny and Polan, 1975; Breier et al., 1988) , and feeding patterns (Armentano et al., 1984) . The ability of tissues to respond acutely to changes in insulin and glucagon may be a function of physiological and dietary conditions that dictate the baseline concentrations of these hormones so that the response is due to concentration change rather than to the absolute concentration.
Chronic regulation of hepatic metabolism by insulin and glucagon and the consequences of these changes on acute regulation of gluconeogenesis by the same hormones have not been directly investigated in ruminants.
The present experiments were initiated to determine the direct effects of chronic or acute exposure to insulin or glucagon and their prolonged exposure × acute exposure interactions on the rate of gluconeogenesis from propionate and lactate. Hepatocyte monolayers, derived from preruminating calves, enabled us to assess these effects in the absence of the counter-regulatory changes inherent to in vivo metabolism and to further assess the utility of hepatocyte monolayer cultures as a model system for studying the regulation of nutrient metabolism in ruminants.
Materials and Methods

Animals
Calves used in these experiments were intact preruminating male dairy calves aged 7 to 14 d. Calves were fed twice daily and received colostrum for the first 3 d after birth followed by a milk diet. Animal protocols were approved by the University of Wisconsin Animal Care and Use Committee.
Materials, Hepatocyte Isolation, and Flux Measurements
All materials were as previously described Armentano, 1993, 1994) . Radiochemicals were from Amersham (Arlington Heights, IL). Hepatocytes were isolated by collagenase perfusion of the caudate process and seeded onto Falcon Primaria labware (Becton-Dickinson, Oxnard, CA) (Donkin and Armentano, 1993) . Four hours after plating, cells were incubated for 41 h in basal culture media ( BCM) (Donkin and Armentano, 1993) and either 10% fetal bovine serum ( FBS) or FBS plus insulin (100 nM) or FBS plus glucagon (100 nM) . Insulin in the control media containing 10% serum would be approximately .006 nM (Esber et al., 1973) , somewhat less for glucagon given that molar ratios of insulin:glucagon are in excess of 1. These levels are well below effective concentrations of these hormones (Donkin and Armentano, 1994) . Flux measurements were initiated on cells that had been cultured a total of 45 h. The rates of incorporation of [2- 14 C] propionate or [U-14 C]lactate into cell glycogen and media glucose were determined in BCM containing 1% BSA, 2.5 mM propionate, and 2.0 mM lactate (1.0 mM lactate plus 1.0 mM pyruvate) as previously described Armentano, 1993, 1994) . Rates of metabolism are expressed as amount of substrate incorporated into product per unit of DNA per hour. Gluconeogenesis is the sum of substrate incorporated into glucose and recovered in the extracellular media plus glucose retained in the cell as glycogen (Donkin and Armentano, 1994) . Insulin ( 0 or 10 nM) or glucagon (0, 1, 10, or 100 nM) was added at 45 h to measure acute effects.
Statistical Analysis
Experiments were replicated in hepatocyte preparations from three calves. Treatments were applied to a minimum of three culture plates within the same cell preparation. Data were blocked by calf and analyzed using a randomized block design ANOVA with the GLM procedure of SAS (1985) . The effects of chronic or acute hormonal addition were tested against calf × chronic hormonal addition × acute hormonal treatment. Preplanned single degree of freedom contrasts were used to determine treatment effects. Data are reported as least squares means and standard errors for calf × chronic treatments × acute hormonal treatment. Means for chronic controls from 4 to 45 h and the acute effects of 0, 1, 10, or 100 nM glucagon have been presented elsewhere Armentano, 1994, 1995) . Chronic insulin or glucagon and the interactions with subsequent acute exposure to these hormones have not been reported previously.
Results and Discussion
Chronic incubation with glucagon increased the ability of neonatal bovine hepatocytes to metabolize propionate to glucose and increased the diversion of propionate to glycogen by 3.5-fold (Table 1) . Similar effects were observed for de novo glycogenesis from lactate, but there was no effect on gluconeogenesis from lactate. Glucose synthesis from propionate and lactate were responsive ( P < .05) to chronic × acute effects of insulin and glucagon. There were no chronic × acute effects of either hormone on glycogen synthesis from propionate or lactate. Incubating cells in the presence of elevated insulin concentrations for 41 h decreased gluconeogenesis from lactate but did not affect gluconeogenesis from propionate. Chronic hormone treatment of hepatocytes causes persisting changes in gluconeogenesis and glycogenesis in favor of an increased basal rate of total glucose synthesis from propionate following chronically elevated glucagon and decreased gluconeogenesis from lactate following elevated insulin.
The proportion of glucose diverted into glycogen following preincubation with glucagon increased from 7 to 21% and from 11 to 29% for propionate and lactate, respectively (Table 1) . These effects are surprising in light of the acute inhibitory effects of glucagon on net de novo glycogen synthesis and stimulatory effects on glycogenolysis in hepatocytes from ruminants (Morand et al., 1988; Donkin and Armentano, 1995) and other animals (Larner, 1990) . The effects of long-term exposure to glucagon on net de novo glycogenesis in the present experiments may represent a dimunition of cell glycogen that is readily replenished when glucagon is decreased or removed (Figure 1) . In separate experiments, cell glycogen content, measured by nonisotopic methods, was depleted by 8 nmol·mg DNA −1 ·h −1 in the presence of glucagon for 3 h (Donkin and Armentano, unpublished observations) . Therefore, glycogen stores in cells cultured with glucagon would likely be depleted within 4 to 9 h assuming a constant rate of disappearance and using previously reported cell glycogen levels (Donkin and Armentano, 1993) . Stimulation of gluconeogenesis by glucagon may act to -14 C] lactate incorporation into glycogen and glucose in bovine hepatocytes a Chronic effect ( P < .05), acute effect ( P < .05), chronic × acute interaction ( P = .64). b Chronic effect ( P < .05), acute effect ( P < .05), chronic × acute interaction ( P = .05). c Chronic effect ( P < .05), acute effect ( P < .05), chronic × acute interaction ( P = .30). d Chronic effect ( P < .05), acute effect ( P < .05), chronic × acute interaction ( P = .05). e Differs from chronic control (no hormone addition; P < .05). increase glycogenesis by expanding the pool of glycogen precursors and pushing substrate toward glucose storage (Nordlie et al., 1980; Youn et al., 1986) . Propionate seems to directly stimulate glycogen synthase activity in sheep liver cells (Morand et al., 1990) and may serve to attenuate the effects of insulin or glucagon on glycogen storage capacity. Chronic glucagon in the absence of propionate, in the present experiments, may maximize glycogen depletion, whereas the acute presence of propionate and glucagon should maximize the rate of glycogen deposition. The data also show that insulin, following chronic glucagon, acts to restore glycogen at the expense of glucose release from the cell (Figure 1 ; black bars). The stimulatory effects of glucagon on gluconeogenesis and inhibitory actions on glycogenesis following chronic glucagon exposure seem to balance this partitioning. Chronic addition of insulin to incubations of bovine hepatocytes decreases gluconeogenesis from lactate (Table 1) . Basal arterial insulin concentrations gradually increase after 5 wk of age in calves and then decline sharply to neonatal levels within 1 wk after weaning (Breier et al., 1988) ; this would mirror hepatic portal blood insulin concentrations assuming a constant fractional rate of hepatic insulin removal. Culture of bovine hepatocytes with added insulin would mimic the insulin concentration differences between these in vivo states. Chronic insulin abolishes the stimulatory effect of glucagon on gluconeogenesis from lactate based upon single degree of freedom comparisons between 0 and 100 nM acute glucagon within chronic treatments (Figure 1) . Chronically elevated insulin, in vivo, may serve as a metabolic switch and contribute to the decreased lactate use for gluconeogenesis that is observed in hepatocytes from ruminating calves (Donkin and Armentano, 1995) .
Low basal insulin concentrations during lactation in ruminants (Baird et al., 1980; Herbein et al., 1985) may favor increased gluconeogenesis in support of increased glucose demands by mammary tissue. Portal insulin concentrations are lower and hepatic lactate extraction is higher in lactating cattle than in nonlactating cattle (Baird et al., 1980) . The present data support an increase in capacity of bovine hepatocytes to metabolize lactate to glucose when insulin is maintained at a low level. These effects are not apparent from previous acute response measures (Donkin and Armentano, 1994) .
Chronic glucagon desensitizes bovine hepatocytes to the acute effects of glucagon on gluconeogenesis from propionate and more so from lactate (Figure 1) . Likewise, the maximal responsiveness of gluconeogenesis to glucagon, determined here by the magnitude of maximal glucagon effects within each preincubation group, is increased following chronic glucagon exposure only for propionate, but it is blunted for lactate. In early lactation, circulating glucagon concentrations in goats are elevated compared with the midlactation (Debras et al., 1989) or dry period (Grizard et al., 1988) and this may sensitize goats to the effects of acute pulses in portal glucagon.
Adaptations to concentration differences of hormones, metabolites, and oxygen across the liver acinus are partly responsible for metabolic heterogeneity of the liver in vivo (Jungermann and Katz, 1982; . Periportal hepatocytes display higher activities of the key gluconeogenic enzymes PEPCK (Guder and Schmidt, 1976; Miethke et al., 1985) , fructose-1,6-bisphosphatase (Katz et al., 1977a; Lawrence et al., 1986) , and glucose 6-phosphatase (Katz et al., 1977b ) and have higher rates of gluconeogenesis (Tosh et al., 1988) . Chronic incubation in the presence of glucagon or insulin, respectively, invokes cells to acquire periportal-like and . Hepatocyte monolayers were cultured in basal medium (BCM) containing 100 nM glucagon, 100 nM insulin, or no hormone (chronic control) for 41 h, then incubated for 3 h (acute, 45−48 h) in BCM containing 1% BSA, 2.5 mM propionate, and 2.0 mM lactate (1.0 mM L-lactate plus 1.0 mM L-pyruvate). Medium for the acute treatments had no hormone addition (acute control) or contained glucagon or insulin at concentrations indicated in the figure. Total glucose synthesis is shown as the sum of the shaded and open areas (with upward SE bar) the open area indicates the portion of synthesized glucose deposited as glycogen (with downward SE bar), and the shaded area indicates the portion recovered in the medium. Differences (P < .05) between an acute glucagon or insulin treatment and acute control within a chronic glucagon or insulin group are indicated for total glucose ( †) and glycogen (*). Differences (P < .05) between chronic glucagon or insulin treatment within an acute glucagon or insulin treatment are indicated for net de novo glycogenesis ( ‡) and total glucose ( §) synthesis.
perivenous-like characteristics (Probst et al., 1982) . Propionate inhibits gluconeogenesis from lactate in bovine hepatocytes (Donkin and Armentano, 1994) . In vivo, propionate is mostly removed by ruminant liver in the first pass. Therefore, in vivo, elevated glucagon may result in a steeper gradient of propionate removal across the liver acinus and alleviate the antagonistic effects of propionate on gluconeogenesis from lactate. Furthermore, acute increases in glucagon concentrations under these conditions would curtail propionate removal to the periportal periphery and increase gluconeogenesis from lactate. Conversely, shifting propionate metabolism toward the perivenous acinus would decrease gluconeogenesis from lactate with little effect on gluconeogenesis from propionate. Observations that glucagon has little effect on gluconeogenesis from propionate (Brockman and Greer, 1980) but increases hepatic extraction of lactate in vivo (Brockman, 1986) support this model.
During early lactation a decrease in portal concentration of insulin (Baird et al., 1980) coupled with unchanged glucagon secretion rate (DeBoer et al., 1986 ) may favor recruitment of pericentral cells in support of increased capacity for hepatic glucose output (Baird et al., 1980) . The present experiments suggest that low circulating insulin concentrations would favor gluconeogenesis from lactate and enhance the ability of glucagon to increase that flux.
The present experiments demonstrate the adaptability of gluconeogenesis in bovine hepatocytes to respond to chronic elevation of insulin or glucagon, and this response can be measured in vitro. The data demonstrate that insulin and glucagon act chronically and directly as potential homeorhetic regulators of hepatic gluconeogenesis. Prolonged glucagon exposure enhances gluconeogenesis and primes cells toward a greater acute response to glucagon on gluconeogenesis from propionate but not lactate. Continued elevation of glucagon is necessary to maintain augmented gluconeogenesis, whereas removal of the stimulus results in return to near basal gluconeogenic rates. Therefore, the frequency and amplitude of changes in hepatic portal vein glucagon concentrations may be more important than absolute concentrations. Chronic insulin treatment acts primarily to decrease ability of glucagon to stimulate gluconeogenesis from lactate; these effects are observed despite the absence of insulin in the culture media. These effects are in contrast with results of previous investigations to examine their coinciding acute effects on gluconeogenesis (Donkin and Armentano, 1993) .
Implications
Chronic direct regulation of gluconeogenesis by insulin and glucagon modulate the responses to acute changes in these hormones on hepatic gluconeogenesis. Physiological states and feeding regimens that favor elevated levels of either of these hormones may shift the pattern and site of liver nutrient metabolism. Consequently, the flux of glucose from the liver following prolonged elevation of insulin or glucagon may be altered, at least for a brief period, by a shift in glucose partitioning into glycogen. Additional studies are necessary to determine the cellular mechanisms that are responsible for these adaptations using hepatocyte monolayer model and further extend these to the cellular control of hepatic nutrient metabolism in adult cattle during physiological and dietary transitions.
